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Abstract This review describes the design, synthesis
and evaluation of novel catechol based anchors for
surface modification. The anachelin chromophore, the
catecholate fragment of the siderophore anachelin
from the cyanobacterium Anabaena cylindrica, allows
for the immobilization of polyethylene glycol (PEG)
on titania and glass surfaces thus rendering them
protein resistant and antifouling. It is proposed that
catecholate siderophores constitute a class of natural
products useful for surface modification similar to
dihydroxyphenylalanine and dopamine derived
compounds found in mussel adhesive proteins. Sec-
ond-generation dopamine derivatives featuring a qua-
ternary ammonium group were found to be equally
efficient in generating antifouling surfaces. The anac-
helin chromophore, merged via a PEG linker to the
glycopeptide antibiotic vancomycin, allowed for the
generation of antimicrobial surfaces through an oper-
ationally simple dip-and-rinse procedure. This
approach offers an option for the prevention of
nosocomial infections through antimicrobial implants,
catheters and stents. Consequences for the mild
generation of functional biomaterials are discussed
and novel strategies for the immobilization of complex
natural products, proteins and DNA on surfaces are
presented.
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Introduction
Cyanobacteria (also known as blue-green algae) are
prokaryotic photoautotrophs that populate many
aquatic and terrestrial habitats including tropical
waters, arctic ice, rocks (endolithic) and the fur of
polar bears (Herrero and Flores 2008). It is thought
that these organisms have populated the earth for
around 3.5 billion years and that they may be
responsible for the introduction of oxygenic photo-
synthesis on our planet. Cyanobacteria face ecological
pressure on one side from competing organisms,
particularly from other photoautotrophs but also from
bacteria and fungi, and on the other hand from grazers
such as crustaceans and insects which feed on
cyanobacterial cells, filaments and mats (Herrero
and Flores 2008). One chemical approach to secure an
evolutionary advantage in these competitive aquatic
environments is the production of chemical com-
pounds for deterrence purposes (Burja et al. 2001;
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Luesch et al. 2002; Gademann and Portmann 2008).
Cyanobacteria thus devote a large part of their
genome to the production of such metabolites and
many different compounds have been isolated and
characterized from these organisms (Carmichael
1992, 1994; Namikoshi and Rinehart 1996; Burja
et al. 2001; Luesch et al. 2002; Harada 2004; Singh
et al. 2005; Gademann and Portmann 2008). For
example, in the context of our search for novel lead
structures (Gademann 2006; Bonazzi et al. 2007) we
have isolated and characterized chlorinated alkaloids
such as nostocarboline (Becher et al. 2005, 2009;
Blom et al. 2006; Barbaras et al. 2008; Portmann et al.
2009), non-ribosomally produced microcystins
(Christiansen et al. 2008) and ribosomally-produced
heterocyclic peptides such as the aerucyclamides
(Portmann et al. 2008a, b).
Whereas many of these compounds are thought to
serve offensive purposes (e.g., by impacting the
growth of competitors or grazers or by rendering
cyanobacteria less attractive as a food source) there
are also secreted compounds that facilitate growth
through improving nutrient uptake. An essential
nutrient for microorganisms is iron, which is highly
prevalent in aquatic systems but only as insoluble
iron oxide hydrates making it difficult for organisms
to sequester (Crichton 2001). In order to acquire
enough iron, cyanobacteria (as well as many other
prokaryotes) produce siderophores, compounds that
are able to chelate iron (Keller-Schierlein et al. 1964;
Raymond et al. 1984; Drechsel and Jung 1998).
Cyanobacteria produce several different types of
siderophores such as schizokinen (Goldman et al.
1983; Lammers and Sanders-Loehr 1982), the syn-
echobactins (Ito and Butler 2005) and the anachelins
(Walsby 1974a, b; Beiderbeck et al. 2000; Ito et al.
2004; Itou et al. 2001). The first two examples are
derived from citrate and are relatively simple com-
pounds, however, the anachelins are more complex
and possess a mixed polyketide/peptide chain linked
to a tetrahydroquinoline-type alkaloid fragment. The
first members of the anachelin siderophore family to
be isolated were anachelin H (1, Fig. 1) and anach-
elin-1 and were isolated in 1974 by Walsby and
co-workers (Walsby 1974a, b). However, these
compounds were not characterized until 2000, when
Walsby, Budzikiewicz and coworkers reported the
constitution of anachelin H (Beiderbeck et al. 2000).
Shortly after this work, Murakami and co-workers
reported the isolation and structural elucidation of
anachelin-1, anachelin-2 and two related esters (Ito
et al. 2004; Itou et al. 2001). We have investigated
several aspects of anachelin-H (1) including its
structure in solution (Gademann 2005; Barbaras and
Gademann 2008), its biosynthesis (Gademann 2005)
and its iron chelating properties (Bethuel and Gade-
mann 2005). Furthermore, we have established its
configuration through total synthesis (Gademann and
Bethuel 2004a, b) and profiled its antimicrobial
activity (Gademann et al. 2007). There is evidence
that it is the catechol unit of anachelin that is
responsible for iron binding (Bethuel and Gademann
2005), which led us to postulate that the catechol unit
might also be able to bind to metal oxide surfaces.
Support for this hypothesis stems from the work of
McWhirter and Upritchard on the pyoverdin sidero-
phores, which were shown to bind to metal oxide
surfaces and were suggested to initiate biofilm
formation (McWhirter et al. 2003; Upritchard et al.
2007). Further evidence that catechols bind to metal
oxide surfaces can be found in the work on mussel
adhesive proteins, which contain an unusually high
amount of dihydroxyphenylalanine and are known to
bind to metal oxide surfaces (Deming 1999). Following
the pioneering studies of Waite and co-workers on
mussel adhesive proteins (Waite and Tanzer 1981),
several groups, including those of Gra¨tzel (Moser
et al. 1991; Rice et al. 2000), Messersmith (Dalsin
et al. 2003; Lee et al. 2007), Wilker (Sever et al.
2004), Xu (Xu et al. 2004) and the Textor/Messer-
smith laboratories (Dalsin et al. 2005) have
demonstrated the usefulness of catechols for surface
modification (Chen et al. 2008). Based on our
experience with anachelin-H and the literature prec-
edent regarding mussel adhesive proteins, we
demonstrated that compounds derived from the
anachelin chromophore, e.g., 3 (Scheme 1), could
also bind to metal oxide surfaces (Zu¨rcher et al. 2006).
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Fig. 1 Anachelin H (1), a siderophore from the cyanobacte-
rium Anabaena cylindrica 1403–2a
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Preparation of anachelin chromophore 3
We have developed several synthetic approaches for
the preparation of anachelin chromophore 3. The first
approach starts from L-DOPA and following nitration
and reduction affords a 2-oxo-tetrahydroquinoline
system (Bethuel and Gademann 2005) and is based
on a route developed previously by Kolasa and Miller
(Kolasa and Miller 1990). However, this approach
suffered from racemisation of the stereogenic center
thus limiting its practicality. An improved method
was realized through the use of an oxidative aza
annulation reaction (Scheme 1) (Lawrence and Gade-
mann 2008) and was based on a biosynthetic
hypothesis (Gademann 2005; Gademann and Bethuel
2004a, b). While these first generation approaches
started from the unnatural amino acid dihydroxy-
phenylalanine (DOPA) (Gademann 2005; Gademann
and Bethuel 2004a, b), we were eventually able to
overcome this limitation and start directly from
tyrosine as shown in Scheme 1 (Gademann et al.
2007).
The starting material, tyrosine diamine 2 can be
quickly obtained from commercially available Boc-
L-Tyr-OH through amidation and reduction. This
substrate is then smoothly converted using mushroom
tyrosinase in the presence of oxygen to the anachelin
chromophore, 3, in a single step. This interesting
transformation, heterofunctionalization of the phenol
ring, demonstrates the power of enzymatic catalysis
in modern organic synthesis. Mechanistically, one
can propose that the tyrosinase oxidizes the phenol to
o-quinone 4, which can undergo an intramolecular 1,
4 addition. Two pathways have been experimentally
observed, the first proceeds through the spiro-[4.5]
hydroxydienone, 5, and the second through the
bicyclo-[4.4.0] hydroxydienone, 6. Following the
course of the reaction by UV spectroscopy indicated
that spiro compound 5 builds up during the early
phase of the reaction, but is later converted to the
more stable bicyclo derivative 6 through a Djerassi
dienone-phenol rearrangement (Gademann 2005). In
this respect, it should be noted that whereas the
corresponding dienones lacking the 5-OH group are
isolable (Mizutani et al. 2004), the 5-OH group in
spiro 5 could facilitate intramolecular proton transfer
thus accelerating the conversion to 6. Tautomeriza-
tion of 6 leads to the desired product, 3, which was
isolated in good yield. In the context of mechanistic
studies, it was found that product 3 activates the
enzyme responsible for its own formation through
product activation. This route thus provides an
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Scheme 1 Preparation of
Boc-protected anachelin
chromophore 3 through an
oxidative
heterofunctionalization of
tyrosine derivative 2
(Gademann et al. 2007).
The first steps consist of
enzymatic oxidation to the
o-quinone 4, which is then
intramolecularly trapped in
a 1,4-addition either to the
spiro compound 5 or the
[4.4.0]-bicyclic ring system
in 6. The spiro compound 5
can undergo a Djerassi
dienone-phenol
rearrangement to the
dienone 6, which then
tautomerizes to the
anachelin chromophore 3
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elegant approach for the biocatalytic preparation of
the anachelin chromophore.
Protein resistant surfaces based on the anachelin
chromophore and dopamine derivatives
A significant problem related to a wide area ranging
from biomedical devices and biosensors to marine
technology is the nonspecific adsorption of biological
macromolecules (proteins, carbohydrates) or micro-
organisms (bacteria, fungi) to surfaces, commonly
called biofouling (Costerton et al. 1995; Hall-Stood-
ley et al. 2004). This process is also a frequent cause
of nosocomial infections (Cunnion et al. 2001;
Higashi et al. 1998), which are considered a leading
cause of pathogen-related deaths in hospitals.
A promising strategy to combat biofouling is the
generation of surfaces which are resistant or inert to
this process (Yebra et al. 2004; Gademann 2007). To
this end, several antifouling polymers such as poly-
ethylene glycol (PEG) (Desai and Hubbell 1991; Lee
et al. 1989; Prime and Whitesides 1991), polyglycerol
(Siegers et al. 2004), poly(ethyleneoxide)-poly(prop-
yleneoxide)/pluronics (Lee et al. 2000; Marsh et al.
2002), peptoids (Statz et al. 2005) and poly-2-methyl-
2-oxazoline (Konradi et al. 2008) have been devel-
oped. The problem of attaching these polymers to
surfaces has been approached using various strategies
including methods that rely on thiols (Prime and
Whitesides 1991), silanes (Yang et al. 1999), and
polyelectrolyte interactions with metals (Pasche et al.
2003), oxides and polymeric substrates, have been
reported. The problem of wet adhesion, i.e., attach-
ment under mild aqueous conditions remains a
significant challenge. Thus, we chose to investigate
the surface binding properties of anachelin chromo-
phore 7 to titanium oxide surfaces with a view to
developing a stable, protein-resistant (Zu¨rcher et al.
2006) and cell-resistant (Wach et al. 2008a) nonfoul-
ing surface. It was decided to use TiO2 as it is
frequently applied in the fields of medical devices
and optical biosensors.
Anachelin chromophore PEG conjugate 7 contains
a catechol moiety as the anchoring group, which is
structurally similar to key elements of mussel-adhe-
sive protein (MAPs) sequences (Deming 1999) that
are thought to be responsible for the very strong
wet adhesion of mussels to surfaces. Additionally, it
contains a positive charge, which increases the
affinity of this compound towards negatively charged
metal oxide surfaces. Synthesis of polymer 7 was
easily achieved starting from commercially available
L-Tyr or L-DOPA and following the routes outlined
above.
The PEG-anachelin conjugate 7 was adsorbed onto
the TiO2 surface using an operationally simple dip-
and-rinse procedure in which the TiO2 plate is
incubated in a dilute aqueous solution of 7 under
cloud point conditions before being removed and
thoroughly rinsed. This direct procedure is notewor-
thy as it avoids the use of surface chemistry and the
problems associated with it, such as incomplete
coupling and blocking of the remaining functional-
ities. The dip-and-rinse procedure resulted in dense
packing of the PEG on the surface, maximizing the
PEG surface density. The depth of the PEG layer on
the metal surface, which is proportional to the amount
of PEG adsorbed, was quantified using variable
angle spectroscopic ellipsometry (VASE) and X-ray
photoelectron spectroscopy (XPS) measurements
(Zu¨rcher et al. 2006). Thus, following the dip and
rinse procedure and a short water rinse an adlayer
thickness of about 3 nm was measured, which can be
considered an excellent result. Moreover, when the
coated sample was incubated under physiological
conditions (HEPES 2 buffer, pH 7.4) for 48 h the
adlayer thickness was reduced by around 40%
leaving a thickness of approximately 1.7 nm. Finally,
upon exposure to full human serum a reduction of the
protein adlayer thickness of over 95% versus
untreated control surfaces was observed for the
PEG-anachelin conjugate 7 (Zu¨rcher et al. 2006).
When comparing compounds 7–10, the measured
adlayer thickness after buffer incubation was highest
for PEG-anachelin conjugate 7, and protein resistance
was achieved with both 7 and 8. In addition, PEG-
anachelin conjugate 7 was also found to be stable
against aerobic oxidation after exposure to air at
room temperature resulted in no change by UV/VIS
spectroscopy. This is in contrast to dopamine derived
8, which is known to form melanin-type, dark and
insoluble polymers when exposed to oxygen (Mason
1965). Based on this experimental evidence, anach-
elin chromophore PEG conjugate 7 stands out due to
its excellent binding properties, protein resistance and
stability when compared to control polymers 8, 9 and
10 (Fig. 2).
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In order to examine which structural features of
anachelin 7 are required for efficient surface binding,
a series of anachelin analogs, compounds 11–14
(Wach et al. 2008b), were synthesized and evaluated
for their surface binding and antifouling properties.
These analogs can be prepared more efficiently than
the anachelin chromophore 3 itself and would thus
offer advantages for large-scale production.
In the context of this structure activity relationship
study, anchors featuring a dimethylaminomethylene
unit, i.e., compounds 11 and 12, did not show any
antifouling properties. In contrast, anchors containing
an ammonium-derived dopamine, i.e., compound 13
(and the parent compound 7), or a divalent bisdop-
amine unit such as in 14, were highly efficient in
achieving protein resistant surfaces (Wach et al.
2008b). Thus, using the dip-and-rinse procedure
described above for the PEG-anachelin conjugate 7,
polymers 13 and 14 were spontaneously adsorbed on
to negatively charged TiO2 surfaces and both dis-
played extremely high adlayer thickness. These
surfaces were then exposed to physiological condi-
tions for 24 h after which time the adlayer thickness
was found to have decreased to 1.7 and 1.8 nm,
respectively, for quaternary ammonium polymer 13
and divalent dopamine derivative 14. Finally, these
surfaces were evaluated for their protein resistance
properties by exposure of the polymer-coated sur-
faces to human serum for twenty minutes. The results
showed that surfaces coated with either polymer 13 or
14 efficiently reduce nonspecific serum adsorption
when compared with bare TiO2. In conclusion,
dopamine-derived compounds 7, 13 and 14 all
display excellent properties for surface functionali-
zation and can be readily prepared in straightforward
processes (Fig. 3).
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Antimicrobial surfaces through natural product
hybrids
Secondary infections acquired in hospitals and other
medical care centers are rising at an alarming rate
(Stone et al. 2005; Cardo et al. 2004; Burke 2003;
Leape et al. 1991). Such nosocomial infections are
currently among the top causes of death in the
US according to a recent survey (Starfield 2000).
Increasing resistance of pathogens to commonly
employed antibiotics is adding further complications
to this problem (Costerton et al. 1995, 1999; Gold and
Moellering 1996; Mah and O’toole 2001; Stewart and
Costerton 2001; Walsh 2000). In addition, encapsu-
lation of implants by tissue massively hampers the
activity of antibiotics, as these may not reach their site
of action leading to a decrease in activity of up to three
orders of magnitude (Costerton et al. 1995, 1999; Mah
and O’toole 2001; Rodriguez-Martinez and Pascual
2006). An appealing strategy to circumvent these
problems would be the attachment of antibiotics to the
implant surface, i.e., via the generation of antimicro-
bial surfaces (Antoci et al. 2007a, b; Edupuganti et al.
2007; Jose et al. 2005; Statz et al. 2008; Klibanov
2007). Benefits of this approach would include (1)
High concentrations of antibiotics where they are
needed thus maximizing impact and minimizing side
effects (Roosenberg et al. 2000) (2) Decreased
possibility of developing resistance, as there is no
systemic release of antibiotic in the organism due
to the covalent attachment (3) Surfaces can be tailored
to accommodate several antibiotics or could be used
as combination therapies by immobilizing compounds
with differing biological activities, e.g., growth
factors for human cells alongside antibiotics.
Based on the mild and selective surface binding
properties of anachelin chromophores 7 and 13
(Zu¨rcher et al. 2006; Wach et al. 2008b), we wondered
whether the PEG terminus could be functionalized
with a biologically active molecule such as an
antibiotic. There were several questions that would
need to be addressed when utilizing this approach. (1)
Can the antibiotic still display activity or is its mode of
action hampered by immobilization? (2) Are the
resulting surfaces still protein and cell resistant and
will the debris of the dead cells remain attached to the
surface and thus diminish biological activity? (3) Can
the antibiotic be attached to the surface without any
leaching? (4) Does the polyfunctional nature of the
complex antibiotic impact the surface modification
potential of the anachelin chromophore?
In order to investigate the above questions we
chose the highly complex glycopeptide antibiotic
vancomycin for immobilization. There were several
reasons for this, its well-studied mode of action
(Kahne et al. 2005): its site of inhibition (the cell wall
biosynthesis) (Kahne et al. 2005) and its densely
functionalized architecture, which poses challenges
to the other immobilization techniques, e.g., silane
(Yang et al. 1999) or thiol (Love et al. 2005).
The synthesis of the vancomycin-PEG-anachelin
chromophore hybrid, 16, was straightforward and
began with Boc-deprotection of anachelin chromo-
phore 3 and subsequent coupling to the N-hydrox-
ysuccinidylester of Fmoc-PEG-propionate to afford
compound 15. Removal of the Fmoc group and
coupling to vancomycin (HATU, DMF) (Xing et al.
2002) furnished, after purification by size-exclusion
chromatography, the target compound 16 (Wach et al.
2008a). It should be pointed out that this antibiotic
derivative can be prepared in a single day and in high
yield. Surface immobilization was achieved using the
simple dip-and-rinse procedure described earlier and
the resulting functionalized surfaces were evaluated
for their antimicrobial properties against the biofilm-
forming bacterium Bacillus subtilis ATCC 6633
(Dawes and Mandelstam 1970) using fluorescence
microscopy after Live/Dead kit staining (Roth et al.
1997). The resulting coated surfaces were found to be
efficient at inhibiting
B. subtilis, moreover, the debris of the lysed cells does
not remain on the surface and can be washed away
(Wach et al. 2008a). These results established that the
vancomycin hybrid surface based on anachelin natural
product hybrid 16 displays dual antimicrobial and
cell/protein/DNA resistant properties. In addition,
repeated cycles of exposure and washing indicated
that virtually no leaching of the vancomycin occurred
over five cycles, supporting the notion that the
immobilized vancomycin is indeed able to kill B.
subtilis. Furthermore, it was also shown that the
biological activity which results in cell death is a
direct consequence of the vancomycin fragment, as
the corresponding surface lacking vancomycin
retained its cell-resistance properties against B. subtil-
is, but lost its antimicrobial effect (Scheme 2).
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Conclusion
In this review we have shown how a natural product
can serve as an inspiration to develop novel
approaches in other research fields such as biomate-
rials design. Inspiration from nature was crucial in
this approach as both the synthesis of the anachelin
chromophore as well as the immobilization technique
were based on bio-inspired strategies. The cyanobac-
terial siderophore, anachelin, serves as an excellent
starting point for the design of effective surface
anchors that allow for the immobilization of PEG (7)
or PEG-vancomycin (16) on to surfaces. Hybridiza-
tion of the anachelin chromophore to other bio-
logically active compounds could allow for the
generation of a wide range of surfaces which display
various biological properties, allowing for the control
of many biological processes.
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